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Operational Implementation of
Ammonium Perchlorate Biodegradation

Air Force Research Laboratory
Airbase & Environmental Technology Division

June 19, 1998

1. Introduction

1.1 Background Information

Nearly every major weapon system that has solid propulsion, explosive devices, or pyrotechnic
devices, contains perchlorate compounds. Ammonium perchlorate (AP) is the oxidizer and
primary ingredient in solid propellant for most large rocket motors that typically contain 68-73
weight percent AP. For component and ingredient recovery, remanufacture, or demilitarization,
high-pressure water washout is the currently accepted process of removal. In addition to this
process, manufacturing and testing activities also produce large quantities of water contaminated
with various concentrations of AP that must be treated as a hazardous waste. The United States
Environmental Protection Agency (USEPA) has issued a Provisional RFD that could restrict
discharge of AP to less than one part-per-million (ppm) and severely impact DoD propulsion
contractors. The Minuteman III propulsion remanufacture program will remove over 35 million
pounds of propellant from 1200 first and second stage motors in order to recover and reuse the
cases. All of the major DoD propulsion contractors currently have either an AP disposal
problem or a ground water contamination problem that could delay, add unnecessary costs, or
otherwise jeopardize major production programs. This resulted in a “High” ranked Air Force
need, # 405, “Disposal and Demilitarization of Solid Rocket Motors.”

This technology is a low-cost biodegradation process that converts the perchlorate ion (ClO,) in
process wastewater to chloride (Cl'). Perchlorate can be reduced from a concentration greater
than 1.0% to a concentration below detection limits (< 0.5 ppm). Effluents from this process can
be discharged directly to conventional sewage treatment facilities. This process will:

e Reduce environmental liability to DoD and its contractors by reducing the generation of
hazardous wastes

e Minimize adverse impact of environmental compliance to DoD support operations

e Reduce cost for solid rocket propellant and large rocket motor disposal




e Reduce cost for weapon system production - specifically the Minuteman III Propulsion
Remanufacture Program

o Facilitate component, propellant, and propellant ingredient recovery and reuse

e Enable the continued use of AP, a critical defense material, in propulsion systems for
the DoD

1.2 Official DoD Requirement Statements

Increased regulatory constraints have curtailed the ability of the Air Force to dispose of rocket
propellant by open-burning, open-detonation, or static firing. Treatment and conversion
technologies are sought as environmentally acceptable alternatives to conventional disposal
methods. This effort supports compliance with the Cooperative Threat Reduction (CTR)
Program, START 1, and START II Arms Control Treaties, AFMCR 136-5
“Demilitarization/Disposal Requirements Relating to the Design of New or Modification of
Ammunition items,” and AFLC SON 003-90 “Solid Propellant Rocket Motor Disposal.”

This effort also meets requirements set forth in ESOH-902, “Destruction of Chemical Wastes
Without High-Temperature Incineration,” ESOH-405, ‘“Disposal/Demilitarization of Existing
Solid Rocket Motors from Large Rocket Propulsion Systems,” 2.1I1.1.a, (Tri-Service Strategic-
Plan) “Develop Technology for Rocket Motor Propellant Removal and Destruction,” and
2.IMI.1.c, “Alternatives to Open Burning/Open Detonation (OB/OD) Destruction of Energetic
Wastes.” In addition, the recovery and reuse of Minuteman III Stage I & II cases is a
requirement for the Minuteman Life Extension Program. Current methods of recovery generate
significant quantities of secondary wastewater that contain perchlorate, asbestos, salts, corrosion
inhibitors, metals, and other propellant ingredients. This biodegradation process will provide a
safe, low-cost, environmentally acceptable method for disposal of process wastewater associated
with production, remanufacturing, testing, demilitarization, and disposal.

1.2.2 How Requirements Were Addressed. The demonstrated ability to biologically reduce
the perchlorate ion to chloride provides an efficient, inexpensive complete destruction process.
Most perchlorate effluents contain numerous additional contaminants. Each perchlorate problem
has its own unique set of contaminants and contaminant concentrations that must be
accommodated by this process. The key to addressing these requirements is to determine how to
adapt, design, and control this process to achieve maximum efficiency for each problem set. As
this process is demonstrated on a wider range of effluents we have gained confidence that it can
be adapted to almost any situation. In this program, the biodegradation process was adapted to
reduce perchlorate in a brine effluent to chloride.

1.3 Objectives of the Demonstration

The objective of this demonstration was to provide a production-scale, operational validation of
the ammonium perchlorate (AP) biodegradation process that was developed by the Air Force
Research Laboratory. Components of an existing pilot-scale demonstration unit were modified
and integrated into existing waste treatment facilities at Thiokol’s production plant near Brigham
City, Utah. The demonstration occurred in two phases. First, the production-scale transportable
system was assembled on an existing test site at Tyndall AFB, Florida to conduct functional and




process demonstrations. Process control and operation was demonstrated with two bioreactors in
both series and parallel operational configurations. Upon successful completion of the Tyndall
demonstration, the system was modified, disassembled, transported to Thiokol, and reassembled.
The validation testing at Thiokol demonstrated both technical and cost performance in an
integrated industrial waste treatment facility. Actual effluents from operational processes and
perchlorate recovery units were treated and discharged to an existing sewage treatment plant.

1.4 Regulatory Issues

Alternative processes for disposal of propellants are required to achieve compliance with the
Clean Air Act Amendments (CAAA) 1990, the Federal Water Pollution Prevention and Control
Act (FWPPCA) 1987, the Federal Facility Compliance Act 1992 (P.L. 102-386), and Executive
Order 12856 (Aug-93)/Federal Compliance with Right-to-Know Laws and Pollution Prevention
Requirements. Each demonstration facility complied with its State Implementation Plan and
NPDES permit requirements.

The original NPDES permit requirement at Thiokol for perchlorate discharge was 10 ppm. To
achieve this requirement, perchlorate recovery and ion exchange processes were developed and
implemented by Thiokol. However, these processes are creating much higher total dissolved
solids (TDS) which would likely violate the NPDES permit requirement of 3800 ppm during
any major remanufacture program, such as the Minuteman III, or a disposal effort such as the
Titan solid rocket motor (SRM) disposal program. The Titan disposal program will removal
solid propellant from 57 Titan SRM segments using water washout.

In 1992 the USEPA evaluated studies on medical patients who were given perchlorate to treat
hyperactive thyroid glands (Graves’ disease). This data was used to help determine the health
risks of perchlorate exposure. The most sensitive indicators of perchlorate effects were the
release of iodine from the thyroid and inhibition of iodine uptake. For these effects, the EPA
identified a no observable adverse effects level (NOAEL) of 0.14 mg/kg/day and applied
standard dose criteria with an uncertainty factor of 1000 to obtain a 4 parts-per-billion (ppb)
drinking water criteria. In 1995, the EPA reevaluated the uncertainty factors. They included an
uncertainty factor of 300 that made perchlorate concentration limits in drinking water range
from 4-18 ppb. In 1997, improved analytical methods enabled perchlorate detection limits to
decrease from approximately 1 mg/liter (or part-per-million, ppm) to 4 ppb.

In February 1997, the California Department of Health Services (DHS) began to analyze certain
drinking water wells in Sacramento County and southern California suspected of containing
perchlorate. As contaminated wells began to be identified, the California DHS reviewed the
EPA data and established an 18 ppb action level for perchlorate in drinking water. On August 1,
1997, DHS informed drinking water utilities of its intention to develop a regulation that includes
perchlorate as an unregulated chemical for which monitoring is required.




1.5 Previous Testing of the Technology

The results of laboratory studies were used to design, fabricate, and demonstrate at the pilot-
scale, the operability of a complete AP biodegradation system using actual effluent from the
washout of Minuteman stage 2 propellant washout by Aerojet Corporation’s Propulsion
Division. The design of the pilot-scale system was centered on a 350-gallon anaerobic reactor
capable of treating up to 1000 gallons per day of dilute AP wastewater. A new facility was
constructed to house the pilot-scale bioreactor system at the Tyndall AFB, Florida. Case
Engineering of Lakeland, Florida constructed the pilot-scale system. This modular, skid-
mounted system was delivered to Tyndall AFB in October 1994 on three trailers and completely
assembled in 7 days. In May 1995, the pilot-scale system was operated continuously for over
600 hours using an extract prepared from dried brewer’s yeast, reducing a 3000 ppm perchlorate
feed stream to less than detectable limits. The pilot-scale system was also operated for over 900
hours at residence times as short as 12 hours using a commercially available, water-soluble,
yeast extract called BYF-100. Although both nutrients performed well, the more expensive
BYF-100 was more efficient as a nutrient source and aided in the reduction of biological oxygen
demand (BOD) in effluent discharges.

2. Technology Description

2.1 Description

2.1.1 Background. In 1989 biodegradation was recognized as a viable process to treat dilute
AP waste streams and remediate contaminated soil and ground water. Attaway and Smith'
isolated an organism capable of reducing perchlorate and designated the bacterium HAP-1.
Consequently, laboratory studies were conducted in batch mode and in continuously stirred tank
reactors (CSTR’s). Process variables that affect perchlorate reduction performance were
addressed in bench-scale studies. These variables included temperature, pH, nutrient type,
nutrient concentration, residence time, and perchlorate ion concentration. Nutrients had to be
commercially available, relatively low cost, and demonstrate good performance with respect to
perchlorate reduction. The most promising nutrients were dried brewer’s yeast and yeast
extracts. Typical treatment conditions identified were:

Temperature 37-42°C
pH . 6.5-7.6
Residence Time 8-24 hours

Perchlorate Concentration < 6000 ppm
Degradation Rates 125 mg/1 per hr




2.1.2 Recent Discoveries. Laboratory efforts culminated in the positive identification of the
genus and species of the bacterium in the mixed culture responsible for perchlorate reduction as
Wolinella succinogenes.* This discovery enabled the Air Force to take advantage of the
scientific data and literature on the specific bacterium, leading to promising process
enhancements. One discovery is the microaerophilic nature of Wolinella succinogenes. This
means that this organism may prefer small concentrations of oxygen, or that oxygen could
compete with perchlorate reduction as an alternate electron acceptor in certain metabolic
pathways. Previously, it was assumed that oxygen did not play a critical part in perchlorate
reduction because other microbes in the consortium would consume the oxygen to maintain
anaerobic conditions. When strict anaerobic conditions were maintained, very stable,
predictable perchlorate reduction was obtained at rates exceeding 0.5 g/l per hour. In addition, it
was successfully demonstrated that the HAP-1 mixed culture could destroy AP in the presence
of other energetic compounds including nitroglycerin, nitramines, stabilizers, and plasticizers.
One patent has been granted on this process’ and additional patents are pending.

2.1.3 Optimization Studies. Additional studies have demonstrated that this biodegradation
process is much more durable, flexible, and predictable than originally perceived. Process
optimization efforts have focused on reducing operating costs, tailoring process variables, and
reconfiguring operations to treat representative industrial wastes. These efforts have resulted in
an increased robustness of the process to effectively treat effluents containing over 1.0 percent
(10,000 ppm) perchlorate. Perchlorate can also be reduced in effluents with a high salt content
(> 2.3 % Na*, K*, CI') and other impurities (NO,, NO;, SO,?), and over a broad temperature
range (20-42°C). Lower cost nutrients were successfully demonstrated to significantly lower the
primary operating expense. Dried brewer’s yeast can be used directly, without extracting the
critical nutrients. Although this increases BOD concentrations in the effluent, the total nutrient
requirement and costs are reduced. Preliminary studies have shown that dried, sweet cheese
whey may also be an effective nutrient by itself or in mixtures with brewer’s yeast. Cheese
whey is more soluble than brewer’s yeast and only one fourth the cost. Using unprocessed yeast
and cheese whey wastes may possibly reduce nutrient costs even further.

2.1.4 Production-Scale Design. The general requirements for developing production-scale
demonstration system design were (See Figure 1 below):

o Robust Process Design - provide stable, dependable, repeatable operation

e Flexibility to handle different effluents - treat a broad range of feed rates and
perchlorate and brine concentrations

e Low-cost operation - ability to use low-cost nutrients

e Maximum automation and flexibility of process control - Programmable Logic Control
(PLC)




Figure 1. Proposed Ammonium Perchlorate Biodegradation Unit
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Specific design requirements include:

Capacity - treat 450 gallons per day of saturated brine containing 3000-5000 ppm AP
Perchlorate concentration - treat up to 1.0% perchlorate in effluents

Reactor system - two anaerobic reactors that can be operated in parallel or series
Contaminants - reduce perchlorate in the presence of nitrate and nitrite

Nutrient - prepare and feed low-cost, high solids, dried brewer’s yeast

Materials of construction - able to handle corrosive environment of perchlorate, sulfuric
acid, and sodium hydroxide

Process variable control:
v' Temperature - control both reactors in the 30-40°C range
v" pH - control reactors near pH 7.1 and nutrient slurry in the 2.0-4.0 pH range
v Residence times - nominal 18-24 hours, capable of 12-30 hours

v' Reactor inerting - sparge with nitrogen generated by a membrane system
Process control - on-line perchlorate analysis providing feedback for flow control




2.2 Advantages and Limitations of the Technology

This process is inherently reliable because of its near ambient operating conditions. However,
loss of temperature or pH control could destroy microbes in the reactor and force re-inoculation
of the system. This could interrupt operations for several days. This process, with dual
anaerobic reactors, a clarifier, effluent storage tanks, and on-line perchlorate analysis providing
feedback control, significantly mitigates against potential loss of biological activity. If
perchlorate concentration begins to rise in a reactor indicating loss of perchlorate reduction
activity, the control system will limit the perchlorate effluent feed, helping to preserve viable
microbes in all process vessels. Once factors causing the upset have been identified, a reactor
can quickly be re-inoculated by recycling effluent from the second reactor, clarifier, or effluent
storage tanks.

2.2.1 Advantages:
e Process operates at near ambient conditions - inexpensive equipment & operation

e Process is fast for an anaerobic biodegradation process - residence time is typically less
than 24 hours, rates can exceed 0.5 g/liter per hour, reduces the size & cost of equipment

e No post-treatment is necessary - reduces perchlorate to less than 0.5 ppm in a single stage
and effluent can be discharged to sewer

e High concentration perchlorate (> 1.0%) can be fed to a continuously stirred tank reactor
(CSTR) as long as reactor concentration is maintained below 6000-10,000 ppm

e (Can treat up to 6000 ppm perchlorate effluents in a single step
e Can reduce perchlorate in the presence of >2% salts and other inorganic contaminants

o Relatively low operating cost - $0.10 to $0.20 per gallon for perchlorate concentrations
up to 6000 ppm vs. conventional treatment costs in excess of $1.00 per gallon

e Biodegradation of low concentration perchlorate is much less expensive than
concentration/recovery processes

e The naturally occurring consortium of microbes appears very stable - the HAP-1
organism has not been lost or displaced after months of operation in unsterile
environments, except when reactor was exposed to excess oxygen, high temperature, or
extreme pH

2.2.2 Limitations:

e There is some practical limit to perchlorate equilibrium concentrations in a reactor -
concentrations above 6000-10,000 ppm appear to inhibit perchlorate reduction

e At perchlorate concentrations above 4000 ppm processing costs increase linearly with |
perchlorate concentration due to a proportional nutrient requirement

e BOD/COD concentrations of the effluent are proportional to nutrient addition - if local
sewage treatment facilities cannot accept additional high BOD/COD effluents, then
anaerobic and/or aerobic post-treatment would be required to lower the organic content




3. Site/Facility Descriptions

3.1 Background

There are at least eight rocket motor production facilities, two perchlorate-manufacturirig
facilities, and many ordnance production facilities in the United States. Before current RCRA
and other environmental laws were enacted and enforced, propellant, and propellant ingredient
wastes were disposed of by open burning and open detonation (OB/OD), as stated earlier.
Aqueous effluents were also collected in evaporation ponds, or, in some cases, discharged to the
environment. In the early 1990s, Thiokol Corporation, constructed an industrial wastewater
treatment plant at its production facility near Brigham City, Utah and deactivated their
evaporation ponds. Current aqueous treatment costs at Thiokol are in excess of $1.00 per gallon
and these treatment processes generate sludges, spent activated carbon sorbents, spent ion
exchange resins, salts, and brine solutions containing AP.

3.1.1 Tyndall AFB Demonstration Site. The first phase of the demonstration occurred at
Tyndall AFB, Florida. The existing facility that housed the 1995 and 1996 demonstrations of
the original pilot-scale system were used. Use of the existing infrastructure, laboratory facilities,
and experienced operators minimized risks during system trouble-shooting and checkout.
Operations at Tyndall AFB were concurrent with facility preparation and building construction
at the Thiokol site.

Figure 2. Building 1708 at Tyndall AFB, FL




3.1.2 Thiokol Demonstration Site. Thiokol’s Utah operations are located 25 miles northwest
of Brigham City, Utah, near Promontory. Thiokol has been involved in propellant removal,
component recovery, demilitarization, and large rocket motor production for over 35 years. In
addition to production programs for tactical systems such as the Standard Missile, stages or
components of major Navy and Air Force Strategic systems have been produced at this facility.
These include Minuteman I, II, and III, Peacekeeper, and Trident I and II. Space Shuttle Solid
Rocket Motors (SRMs) are also manufactured at this facility.

Figure 3. Building M-705A at Thiokol Corporation
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The perchlorate biodegradation process was integrated into existing waste treatment processes at
Thiokol’s production facility. Several propulsion contractors and defense facility sites were
investigated for potential application of AP biodegradation. Thiokol was selected for the
following reasons:

e Perchlorate wastes are generated from production and demilitarization operations

e Perchlorate wastewater is segregated from wastewater containing other energetics




e A potassium perchlorate recovery process is in operation that produces a perchlorate
containing brine effluent

e A second AP recovery process has recently begun operation. It may also produce an AP
effluent that requires potassium precipitation and/or perchlorate biodegradation

e A new, state-of-the-art, industrial wastewater treatment plant is operational

e A new sewage treatment facility has been constructed and is in operation. It can easily
treat high BOD/COD effluents generated by the AP biodegradation process.

3.2 Site/Facility Characteristics

The Demonstration site at Thiokol is located adjacent to building M-705, the existing IWTP.
This facility contains the potassium perchlorate precipitation and recovery process that generates
the perchlorate containing brine effluent. A schematic of the site plan with the location of 42 ft
by 48 ft biodegradation facility is shown in Figure 4 below.

Figure 4. Thiokol Site Plan
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The identification and general arrangement of the major equipment components of the modified
process that will be demonstrated at Thiokol are shown in Figure 5 below.

Figure 5. Equipment Location and Arrangement

~ Identification and Arrangement of Process Equipment
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~ The process that produces the brine/perchlorate waste stream precipitates potassium perchlorate
(KP) from concentrated ammonium perchlorate effluents. These effluents are concentrated by
evaporation and ion exchange, followed by ammonia being stripped (and replaced by sodium)
and excess potassium chloride (KCl) is added to effect the precipitation of KP. This results in a
10-30% salt (Na*, K%, and CI') brine solution which contains 3000-5000 ppm perchlorate and
additional nitrate and nitrite. Solubility curves were generated for both sodium and potassium
perchlorate in order to minimize KCl additions, effect the optimal perchlorate precipitation, and
determine appropriate compositions for surrogate waste streams used in laboratory and pilot-
scale tests.
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4. Demonstration Approach

4.1 Performance Objectives

4.1.1 Contaminants. The perchlorate anion (ClO,) is the primary regulated contaminant in
the effluent and is readily reduced to chloride (CI). It has been demonstrated that this reduction
is not inhibited by the presence of different cations (NH,", Na*, K*). In addition to perchlorate
reduction, other contaminant anions including nitrate (NO;"), nitrite (NO,), and chlorate (C1O;’)
are reduced. This is important since they represent degradation products or components of other
energetic materials and corrosion inhibitors that may be present with perchlorate. Other
products of reduction, chloride and nitrogen, are discharged.

4.1.2 Objectives. The treatment objective was to reduce all the perchlorate to chloride in a
contaminated brine effluent. The lower detection limit for state-of-the-art HPLC perchlorate
analytical methods for process wastewater is 0.5 ppm. The next goal was to purposely keep
reduction rates for this process low when treating dilute perchlorate brines (20% brine) to
minimize operating costs and nutrient consumption. On the other hand, when treating high
perchlorate effluent, the goal was to optimize nutrient concentration to achieve reduction rates
equal to or greater than 0.5 grams/liter per hour. Another objective was to demonstrate on-line
perchlorate analysis for process control. By adjusting process control logic, residence time and
nutrient consumption can be minimized and the process optimized towards cost and/or capacity.

Two operating conditions were evaluated during the Tyndall demonstration: 1) Parallel
operations with a brine feed (5000 ppm AP brine fed at 10-20% rate) utilizing a mixed yeast and
cheese whey nutrient solution, and 2) series operations with a high perchlorate feed (10%
solution fed at a 1% rate to the first reactor) utilizing a dried brewer’s yeast solution.

Typically, the process requires less than five or six residence times to stabilize after a condition
change (i.e., five or six days when operated at a 24 hour residence time). At this time, a final
analysis may be conducted prior to changing conditions. However, since this is a biological
process, condition changes occasionally produce a lag-time while the organisms adapt to the new
environment. Therefore, it is desirable to operate at some conditions for extended periods of
time to ensure the culture has fully adapted (either positively or negatively) to the new condition.
Funding support and program deadlines limited the length of the demonstrations. However,
through the CRDA with Thiokol, operation will continue at least two years from the end of this
program. Under the CRDA, performance and cost data will continue to be collected and
reported.

4.1.3 Process Waste. Effluent from the anaerobic reduction has an elevated BOD/COD
content directly proportional to the amount of nutrient added to the reactor. When treating 1000
ppm perchlorate, the effluent COD will be approximately 4,000 ppm and the BOD will be
approximately 3,000 ppm. Typical domestic sewage has a BOD of approximately 200 ppm. If
local sewage treatment facilities cannot accept new, high BOD/COD effluents, then aerobic post-
treatment is required to lower the organic content. During the demonstrations at Tyndall AFB
and Thiokol, the effluent from the anaerobic reactors were discharged directly to existing sewage
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treatment facilities. At Thiokol, a newly constructed, operational, sewage treatment facility has
excess capacity which can easily treat high BOD/COD effluents generated by the AP
biodegradation process.

4.1.4 Factors Affecting Technology Performance. Process variables that affect perchlorate
reduction were addressed in the laboratory studies discussed earlier. These variables included
temperature, pH, oxygen concentration, nutrient type, nutrient concentration, residence time,
other anions, and perchlorate ion concentration. These process variables can be controlled to
optimize performance. Unknown factors that could impact performance are other possible
contaminants present in industrial wastewater not previously identified in the laboratory.

4.2 Physical Setup and Operation

4.2.1 Facility Requirements. The Tyndall site required minimal preparation for this
demonstration. The most significant modification was converting the facility from 208 VAC, 3-
phase electrical service to 480 VAC, 3-phase service. This enabled demonstrations at Tyndall
AFB and Thiokol facilities to take place without an intervening modification to adapt the process
to Thiokol’s 480 VAC power requirement. This simplified transition time and resources.

A new facility was prepared for the Thiokol site. The entire system is housed in a building to
protect it from the elements and low temperatures. Thiokol provided infrastructure and
connection to all utilities, effluent streams, and the sewage treatment facility. After initial
testing, Thiokol will operate the system for at least two years under the existing CRDA. While
effluents are delivered to the process in batches and stored before treatment, the process itself is
operated continuously, 24 hours per day, seven days per week.

4.2.2 Inoculation and Startup. An important step in startup is inoculating the reactor with
the HAP-1 microbe consortium. To facilitate startup of field systems, or to recover from a total
process upset, this program demonstrated reactor inoculation from lyophilized (freeze-dried)
microbial samples. Lyophilized samples can be stored in sealed, evacuated glass vials for
decades. When the these vials are opened, the contents are added directly to a growth media
containing nutrient (5-25 g/l of brewer’s yeast, yeast extract and/or sweet cheese whey), pH
buffers, and perchlorate (500-1000 ppm). The culture inoculum can be grown at temperatures of
25 to 40 °C in an anaerobic chamber or in sealed bottles. The lyophilized vials are prepared at
Tyndall AFB from cultures in active laboratory reactors that are effectively reducing perchlorate.
Typically, 0.5 ml of reactor contents and 0.5 ml of 24% sucrose are lyophilized in 10 milliliter
(ml) vials. The contents of a lyophilized vial are then transferred to 100 ml bottles where
perchlorate concentration is monitored and pH is adjusted daily to maintain pH 7.0-7.5. Sharp
decreases in perchlorate concentration indicate that the culture is growing. At this time, the
inoculum is transferred to 1 liter bottles with additional nutrient and perchlorate. One additional
transfer to 20 liter carboys is necessary before inoculating the reactor. . In the first reactor, 200
gallons of 12 g/l brewer’s yeast containing 1000 ppm perchlorate are brought to pH ~7.0 and a
temperature of 30-40 ° C and subsequently sparged with 2.0 ft*/min of nitrogen. This reactor is
inoculated by adding four 20 liter carboys to 200 gallons of media. When perchlorate
concentration begins to drop rapidly, additional media and perchlorate effluent are metered into
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the reactor continuously at flow rates proportional to a 24 hour residence time until the reactor is
at capacity. At this time the first set of operational conditions can begin.

4.3 Sampling Procedures

There are two types of sample media: 1) aqueous feed solutions consisting of perchlorate anions,
various salts and corrosion inhibitors, and other soluble inorganic components and 2) biosludge
samples from the reactors. These differing types of sample media had no effect on the sampling
procedure and corresponding analyses for inorganics. Samples taken for plate count
determinations were kept as anaerobic as possible, given the sampling environment, and the
plating procedure executed within 30 minutes of sample collection. All samples were taken
from various sample ports on the pilot scale facility. All valves and hoses used for sample
collection were flushed prior to sample collection insuring fresh samples. Technicians and
operators were trained in proper sampling procedures and QA/QC protocols used by AFRL at
Tyndall AFB, Florida.

Standard Quality Assurance/Quality Control practices were employed with each set of sample
collections. Field duplicates were collected and analyzed for the same parameters as the
associated samples. They were preserved, transported, and documented in the same manner as
the samples. Field duplicates were collected to measure the variability inherent in sampling
processes. They were obtained by duplicating the entire sample acquisition process used to
obtain all other samples. Frequency of field duplicate sampling is a minimum of one or 10% of
the total number of samples taken. Split samples were also taken, preserved, transported, and
documented using the same protocols as the related samples. Aqueous or dilute biosludge
solutions were split due to the extreme variability of samples (i.e., soil, sediment). The samples
were mixed in a large, appropriately cleaned, sample containers and aliquots were poured into
the appropriate labeled sample containers. Split sampling is conducted once per sample batch.

Samples were taken daily and placed in polypropylene bottles to be frozen immediately, except
for samples required for pH testing, plate counts, and solids tests which were performed upon
receipt. Sample containers were labeled using sample location, date of collection, time of
sample, name of person taking the sample, and the type of analysis required.

The effectiveness of the demonstration will be determined by the concentration of the
perchlorate anion following treatment by the bioreactor. The demonstration will be successful if
the effluent concentration of perchlorate is kept below Thiokol’s permit limit of 10 ppm.

4.4 Analytical Procedures

4.4.1 Types of Analyses. Sampling and data collection consisted of monitoring the process
variables and analyzing the influent and effluent streams. Analytical methods developed and
used during bench scale studies and process development were used for the process
demonstration. Analyses consisted of:

1) Anions - Cl1O,, ClO;, CI, NO,, NO,, SO, PO,?, & others if suspected
2) Cations - NH,"
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3) Chemical oxygen demand (COD)

4) Total suspended solids (TSS) and total dissolved solids (TDS)
5) HAP-1 and Other microbe cell counts

6) Biological oxygen demand (BOD)

Historical data indicates that metals present in low concentrations do not present a problem to
this process. Therefore, metals were not analyzed. The sampling locations indicated in the
Sample Plan Matrix (Appendix B), can be found on the general arrangement of the process
equipment provided in Section 4.3.

4.4.2 Selection of Analytical Methods. The primary method to determine the concentration
of the perchlorate anion used an ion (ClO,) specific electrode which measures electrical
potential differences in conjunction with known additions of perchlorate containing standards.
This is a standard method for perchlorate anion concentration. This method was used to
determine perchlorate concentration for both discrete and continuous samples. The prototype
unit was equipped with online perchlorate analysis capability. The specific ion electrode method
can accurately detect perchlorate concentrations in reactor effluents to a lower limit of 10 ppm.

An ion chromatography method for perchlorate anion concentration determination was also
employed. This method was developed in 1992 using a Dionex DX-300 Series Ion
Chromatography Instrument employing a C-18 HPLC reverse-phase column and conductivity
detection. The ion chromatography method can accurately detect perchlorate levels down to 0.5

ppm.
All other anion determinations (ClO;", C1°, NO,, SO,? and PO,?), with the exception of nitrite
(NO,), are completed with the Dionex DX-300 Series Ion Chromatography Instrument

employing a AS-11 Ion Pac column from Dionex and conductivity detection. The Dionex
system is computer controlled and integrated with AI-450 Chromatography Software.

Nitrite analyses are conducted using Standard Method 4500-NO,” A®. The spectrophotometer
used to measure absorbance upon preparation completion is a CARY 3E-UV, Visible
Spectrophotometer. This is a standard method for nitrite anion determinations. Nitrite values
are expressed in ppm units.

Chemical Oxygen Demand (COD) is determined by the HACH method described in detail in the
HACH Water Analysis Handbook. This method is EPA approved. In the chemical oxygen
demand test, the sample is heated for two hours at 150 °C with a strong oxidizing agent,
potassium dichromate. Oxidizable organic compounds react, reducing the dichromate ion
(Cr,0,%) to green chromic (Cr’*) ion. The chloride ion can be a possible interference for this
method. The COD catalyst powder contains mercuric sulfate to complex up to 1000 mg/L
chloride. For higher chloride concentrations, the sample must be diluted appropriately so that
the chloride concentration is less than 1000 mg/L. COD concentrations will be presented in
parts per million (ppm).

Total Organic Carbon (TOC) is determined using the Shimadzu TOC-5000 equipped with the
ASI-5000 autosampler. This analytical method is also EPA approved. To determine the
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quantity of organically bound carbon, the organic molecules must be broken down to single
carbon units and converted to a single molecular form that can be measured quantitatively. TOC
methods utilize heat and oxygen, ultraviolet irradiation, chemical oxidants, or combinations of
these oxidants to convert organic carbon to carbon dioxide. The carbon dioxide is then
measured directly by a non-dispersive infrared analyzer. TOC concentrations were reported in
pPpm units.

5. Performance Assessment

5.1 Performance Data: Tyndall AFB Demonstration

5.1.1 Startup. Both parallel and series operation were conducted successfully during the
Tyndall AFB demonstration. The inoculum was grown from a lyophilized sample to validate the
procedure presented in Section 4.2.2. The nitrogen generator was used to purge the reactor (R-
1400) of oxygen to facilitate inoculation. The reactor was charged with approximately 200
gallons of nutrient (10 g/1) and 1000 ppm of ammonium perchlorate solution, the temperature
and pH adjusted, and then the inoculum added. When the perchlorate concentration began to
drop, additional perchlorate and nutrient solution were metered into the reactor. However, by
the time R-1400 was full, perchlorate was be completely reduced at a residence time of 24 hours.
The effluent from R-1400 was fed to R-1700 along with additional perchlorate and nutrient to
inoculate the second reactor. With both reactors inoculated and accepting feed, parallel
operation was initiated.

5.1.2 Effluent Analysis. The perchlorate used for inoculation and startup was prepared from a
10-12% ammonium perchlorate solution from a Minuteman stage 2 propellant washout so as to
conserve the Thiokol brine solution. Table 1 describes the different feed materials used in the
Tyndall AFB Demonstration.

Table 1. Thiokol Effluent Characterization for Tyndall AFB Demonstration

ClO, (mg/l) | CI'(mg/) | NO, (mg/l) | NO, (mg/l) | TDS (mg/l)

NaClO, Brine 4266 101,161 4662 299 271

NH,CIO, Concentrate 123,000 2286 346 128 125

5.1.3 Test Matrix. Both parallel and series operational tests were conducted. Parallel
operation on the brine effluent was conducted first. After successful inoculation and operation
on 1000 ppm ammonium perchlorate, the feed was switched to a 10 % brine feed. The 10%
concentration was necessary due to unexpectedly high total dissolved solids in this effluent.
Even a 10% solution resulted in a 2.71% salt content in the reactor before nutrient, acid, and
caustic additions. This was near the limit indicated by bench-scale studies before significant
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performance degradation was observed. A summary of the test conditions is provided in Table

2.
Table 2. Test Condition Summary
Effluent Nutrient Feed Res. Time Other
Date Reactor Feed g/l Type hours Events/Comments
Initiated | Config. Conc.
1|7/1/97 Series 1000 ppm |5 100% yeast | 24 Start-up
AP
2 | 7/10/97 | Parallel | 1000 ppm 100% yeast | 24 Start-up
AP
3 | 7/14/97 | Parallel | 10% Brine | 4 25:75 24 Initiate brine feed
yeast:whey Initiate whey nutrient
4 | 7/27/97 | Parallel | 10% Brine | 4 50:50 24 Increase yeast
yeast:whey concentration
51 7/29/97 | Parallel | 10% Brine | 4 100% yeast | 24 Increase yeast
concentration
6 | 8/1/97 Series 4000 ppm | 16 100% yeast |24 Initiate series operation
AP Initiate 10% AP feed
7 | 8/7/97 Series 6000 ppm | 24 100% yeast | 24 Increase yeast
AP concentration
8 | 8/30/97 | Series 8000 ppm | 32 25:75 24 Initiate whey nutrient
AP yeast:whey

5.1.4 System Functional Performance: Parallel Operation using Brine. Overall the system
performed as designed. Initially there was a concern that the flow control valves for the nutrient
would easily plug from the yeast solids. Nutrient deficiencies could lead to perchlorate
excursions in the reactor. Valve orifices had to be changed to larger C, values than designed in
order for the control valves to work as desired. Average flow rates were determined based on
daily readings of system totalizers. Nutrient and perchlorate brine flow rates were maintained
very close to set point values as seen in Figure 6. This resulted in a nearly constant residence
time. The only deviation was due to a reduction in the brine flow to R-1400 due to elevated
perchlorate levels in the reactor. This was caused by the culture adapting to the high salt
concentrations. Water flow rates were assumed to be constant at the set point. Totalizer glitches
sometimes caused inaccurate readings. However, when water flow was physically measured
against the set point, flow was accurate to within measurement error (< 2%). The operational
data is provided in Tables 3 and 4 (Appendix B).
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Figure 6. R-1400 Setpoints and Average Flow Rates vs. Time

Figure 7, shows the set-points, average flow rates, and residence time of R-1700 during parallel
operation. Again, water flow was assumed to be constant at the set-point. Residence time and
brine flow remained relatively constant through the demonstration. Undersized orifices in the
control valve contributed to plugging the nutrient control valves. This was corrected with a
larger C, value and also by installation of a nutrient recirculation loop from the control valves on
R-1400 and R-1700 back to the nutrient feed tank (T-1200).
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. R-1700 Setpoints and Average Flow Rates vs. Time

Temperature control for the Tyndall AFB demonstration was not optimal. The process was
designed to be heated and cooled using glycol from an external process at the Thiokol facility.
At Tyndall AFB, the auxiliary heater was designed to be used in a closed-loop configuration. In
addition, the large glycol circulating pump in the loop caused significant heating of the process
and reactors. Therefore the loop remained off during the demonstration. Regardless, reactor
temperatures remained near the setpoint values as shown below in Figure 8.
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Figure 8. Reactor Temperature during Parallel Operation

Nutrient preparation was performed manually. A hoist on the nutrient preparation skid platform
hoisted 50 pound bags of the nutrient onto the platform. The contents of the bags were manually
placed into the nutrient pre-mix tank (T-1202) where they were mixed with water and sulfuric
acid (NOTE: The dry feeder was not utilized due to time constraints and setup requirements).
Sulfuric acid was also manually added due to recurring pump seal problems (discussed later).

At Tyndall AFB, the use of cheese whey as a viable, alternative, reduced-cost nutrient source
was also demonstrated. In the past, the laboratory used dried brewer’s yeast or a commercial
water soluble nutrient, BYF-100, as the primary sources of nutrient. Cheese whey is
significantly cheaper than both dried brewer’s yeast and BYF-100, but has been shown in the
laboratory and field to perform identically. Cheese whey is also more water soluble than
brewer’s yeast and, when combined with the dried yeast, reduced plugging in the feed lines and
control valves.

Sulfuric acid consumption was minimal. Sulfuric acid was used mostly for setting the pH of the
nutrient below 2.0-- a method of “sterilizing” the nutrient solutions. This step in nutrient
preparation was necessary to prevent fungal growth in the nutrient mix and feed vessels. In
addition, the system was designed to use sulfuric acid for pH control in the reactors. Due to a
problem with a pump seal, sulfuric acid was not utilized for pH control. The process by which
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the microbes destroy perchlorate is naturally acidic. Therefore, caustic was mainly used to keep
reactor conditions neutral.

The reactor system contained an online perchlorate analyzer which used an ion specific electrode
(ISE) identical to those used in the laboratory (discussed in Section 4.4.2). This analyzer is a
dual channel unit designed to be used in both automatic and manual modes. The system PLC is
configured to automatically trigger the sample loop pumps and, after a time delay, trigger the
analyzer to sample the reactors and storage tanks in pairs, i.e., R-1400 and T-1500, then R-1700
and T-1503. When the PLC triggers the sample pumps, sample is circulated from the sample
point to the clarifier. When the analyzer is triggered, a solenoid valve in the analyzer opens and
draws sample from the sampling loop into an internal sample loop that sends the sample to the
chamber. Perchlorate is measured in the chamber using the ISE. The measured sample is
automatically flushed out of the loop to the clarifier. Originally, samples were pulled from the
underside of the vessels, but the lines and pumps plugged frequently. Samples are now taken
from dip tubes inserted into the top of each sampled tank. Analyzer readings were accurate
(within 10%) for the brine even in the presence of large concentrations of chloride during
parallel operation. During series operation, the readings were only reliable for the second
reactor (R-1700) and the storage tanks due to perchlorate concentrations of the first reactor being
outside the range of the standard used for low perchlorate concentration analysis. Currently
there is an upgrade available for the existing system that enables the unit to perform sample
dilutions and provide analysis at any concentration.

5.1.5 System Functional Performance: Series operation using 10% AP. The objective of
this portion of the Tyndall AFB demonstration was to show that 10 -12% concentrated
perchlorate solutions could be treated anaerobically using a two step process. A 10-12% AP
solution was metered into the first reactor at a flow rate that would supply between 4000-6000
ppm perchlorate along with the necessary nutrient and dilution water. The first reactor, R-1400,
would degrade part of the perchlorate, while the second reactor, R-1700, would degrade the
remaining perchlorate.

During conversion from parallel to series operations, a problem with feed stream mixing
occurred. Small heels of brine in the perchlorate feed tanks, pumps, and lines were not
adequately flushed into the reactors. The high salt concentration brine reacted with the
concentrated perchlorate precipitating KP in feed lines and control valves and dosed the system
with ammonium. These two factors may have inadvertently raised ammonium and perchlorate
concentrations fed to the reactors.

Overall, the system performed in series as designed. Nutrient plugging of the control valve with
yeast solids was again a problem. The nutrient control valves were replaced with larger C,
values to achieve the functional performance needed. As shown in Figure 9, once excess KP
was cleared from the feed lines and control valves, brine flow rates maintained near setpoints.
Nutrient flow rates were maintained near setpoints until lines became plugged with yeast solids.
Residence time remained constant during times when the control valves were not plugged.
Again, water flow rates were assumed to be constant at the set point. Totalizer glitches
sometimes caused inaccurate readings. However, when water flow was physically measured
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against the set point, flow was accurate to within measurement error (< 2%).
data is provided in Tables 5 and 6 (Appendix B).
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Figure 9. R-1400 Set-points and Average Flow Rates vs. Time

When configured in series, R-1700 is the second reactor. As shown in Figure 10, only a nutrient
stream is fed to R-1700 to provide additional nutrients for the organisms reducing perchlorate.

Flow rates were maintained within operational setpoints.
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Figure 10. R-1700 Set-points and Average Flow Rates vs. Time

As in Section 5.1.4, temperature was not optimal during series operation. Figure 11 shows
reactor temperatures and temperature setpoints. Temperature ran high and could not be
controlled because, as stated in Section 5.1.4, the process was designed to be heated using an
outside source of glycol at the Thiokol facility. As the temperature increased in the reactors,
perchlorate reduction became erratic (See Figure 15). High temperatures were partially
attributed to the high solids content and long solids retention time in the reactors. It has been
previously demonstrated that when reactor temperatures exceed 42° C (108° F), perchlorate
reduction is severely inhibited. Operating the clarifier at 100% recycle created a very high
solids retention time and overwhelmed the reactors with suspended and dissolved solids. High
recycle rates were acceptable for dilute effluent and nutrient feeds, but not for concentrated
effluents. Therefore, the process was modified so that the recycle rate could be controlled to
both reactors and to waste.
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Figure 11. Reactor Temperature during Series Operation

Originally, the system was designed for solids recycle from the clarifier (S-1703) to R-1700.
While at Tyndall, the solids recycle was modified to enable operators to manually switch solids
recycling between R-1400 and R-1700. Solids recycle was intended for recycling HAP-1 and
unused nutrient. The _system may have been overwhelmed with solids (TSS and TDS) during
series operation. Table 7 shows the increase in TSS and COD concentrations during the
demonstration. During parallel operations in July, recycling of solids did not present a problem
because of low nutrient concentration. During series operation, no means of solids wasting was
available.
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Table 7. TSS and COD data for S-1703 (top/bottom)

S-1703 S-1703 Bottom
Top
Date TSS (g/1) COD, (ppm) COD, (ppm) TSS (g/D) COD; (ppm) COD, (ppm)
7-17-97 1.01 2620 4700 30.20 4750 47325
7-24-97 1.04 5140 8925 22.97 6940 41025
7-31-97 1.01 2300 4550 37.37 4100 46875
8-7-97 1.90 8625 13490 7.4 9825 21800
8-11-97 14.40 14475 30740 44.0 14475 30740
8-13-97 8.8 12780 21175 40.1 14190 48650
8-14-97 8.6 12420 19850 35.2 12370 53900
8-18-97 6.6 11650 21550 31.5 12840 47725

5.1.6 Biodegradation Performance in Parallel. Figures 12 and 13 show brine and effluent
concentrations for both R-1400 and R-1700 during parallel operations. The spike in perchlorate
concentration in both reactors in Figures 12 and 13 was due to the microbial populations
adjusting to high salt concentrations and a new nutrient source in the reactors. Figure 13 shows
that the feed to R-1400 was temporarily interrupted for one day to aid in the adjustment.
However, Figure 13 shows the feed was continued despite the upset. Both reactors recovered
and performed well during the remainder of the parallel operation. Anion data for both reactors
can be found in Tables 8 and 9 (Appendix B).
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Figure 13. R-1700 Brine And Effluent Concentrations during Parallel Operation

5.1.7 Biodegradation Performance in Series. During series operation, the optimal
perchlorate feed concentrations were 4000, 6000, and 8000 ppm. Figure 14 shows that feed
concentrations to R-1400 exceeded 10,000 ppm on several occasions. This was caused by flow
control problems as a result of KP (potassium perchlorate) plugging and by the periodic washing
out of solid KP into the reactor. These large perchlorate spikes in the feed cause comparable
spikes in the reactors. The high perchlorate feed resulted in nutrient limited conditions. This,
coupled with high temperatures and elevated TSS levels, caused perchlorate excursions in R-
1700 after 8/22/97. However, during steady state performance with 4000 and 6000-ppm feeds,
all the perchlorate was reduced in R-1700. Anion data for both reactors can be found in Tables
8 and 9 (Appendix B).
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Figure 14. Series Operation: Calculated Perchlorate Feed Conc. vs. R-1400/1700
Concentrations

5.2 Performance Data: Thiokol Validation

5.2.1 Summary. Installation of the system was initiated 13 October, 1997. Installation was
completed 30 October, 1997, and the initial software and functional tests were completed by 06
November, 1997. The system was operated and tested on water to train operators and repair
items damaged during transit from Florida. Inoculation and startup from lyophilized vials
brought from Tyndall AFB took place 08 December, 1997. Since startup, the system has
performed nominally, and has processed a total of 9,155 gallons of effluent of varying
concentrations from the perchlorate recovery production facility (see Figure 15). Thiokol will
be issuing quarterly reports to the USAF in accordance with terms of the CRDA. All reports
will be made available upon receipt.
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Figure 15. Thiokol AP Feed and Effluent Concentrations

5.2.2 Effluent Analysis. Building M-705A is a pretreatment stage for discharge to the on-
plant sewage treatment facility and is largely concerned with perchlorate concentration and TDS
levels. Analyses are performed to identify nitrate, nitrite, and sulfate as required. These results
may be found in Table 10, Appendix B.

5.2.3 System Functional Performance. As mentioned earlier, the system has performed
nominally during the first quarter. Software modification and control improvements are being
made to enhance system performance as necessary. Equipment modifications have been made as
required. Centrifugal pumps on the AP feed skid and pumps used for pH control have been
replaced with magnetic drive pumps. Process requirements have also been changed as
necessary. Sodium hydroxide is used to pH the nutrient to pH>10 as a means of sterilizing the
nutrient which minimizes acid usage. Also, to improve operability, sulfuric acid was replaced
with citric acid for pH control.

5.2.4 Biodegradation Performance. Typical effluent from Thiokol’s perchlorate production
facility (ion exchange and potassium precipitation units) are very high in TDS (150-300 g/1) and
relatively low in perchlorate (~5000 mg/l). However, Figure 15 shows during the first two
months of operation, the perchlorate in the brine effluent was relatively high (20-90,000 mg/1).
In addition, the effluent contained approximately 10,000 mg/] nitrite and 5000 mg/1 nitrate. The
effluent is produced in batch processes: therefore, a different batch was fed to the reactors every
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2-8 days. Because of the high TDS, the effluent is diluted to 5-10% of its original concentration
as it is fed to the reactors. Again, Figure 15 shows the actual perchlorate concentration in the
undiluted feed and in the reactor effluent. Typical perchlorate concentrations in the reactors are
less than 20 ppm using the ion-specific probe method. These results almost always translate to
near non-detect levels using ion chromatography. Nitrate levels were nearly completely
reduced, however, little nitrite reduction was observed (Table 10, Appendix B). During the first
quarter, there have been no major upsets in operations and reinoculation has not been necessary.

5.3 Data Assessment

5.3.1 Tyndall Demonstration. Several design modifications were identified as a result of the
validation testing:

e Caustic and perchlorate pumps were modified from single-seal to double-seal heads

e A circulation loop was installed in the nutrient delivery system to minimize plugging
problems

e Nutrient valve port sizes were increased

e Dip-tubes were installed in the reactors to draw samples for the online perchlorate
analyzer

e Multiple two-way valves were configured on the clarifier recycle to permit control of
solids recycle to both reactors and to waste independently

e A vent line was installed on the clarifier

e Start-up screens were developed to determine and change set points based on
specific, operator input parameters

e In the laboratory, caustic was determined to be a more viable means of nutrient
sterilization vs. acid

5.3.2 Thiokol Demonstration. Several design modifications and new startup procedures have
resulted from industrial operations at Thiokol:

e The system was started up entirely from lyophilized cultures produced at Tyndall
AFB

e Magnetic drive pumps have replaced the double-seal head, centrifugal pumps for AP
feed and pH control

e Caustic was used for nutrient sterilization instead of acid
e Citric acid replaced sulfuric acid for pH control—safer and more user-friendly
5.4 Technology Comparison

5.4.1 Other Technologies. There is no other perchlorate destruction technology (other than
OB/OD) at this level of maturity. The recent problems with perchlorate in drinking water in
California and Nevada have prompted both government and private studies in this area. The
most promising competitive destruction technologies are catalytic and electrochemical processes.
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While both have been demonstrated to work in the laboratory to some degree, there are many
technical hurdles to overcome before they can be seriously considered for full-scale
implementation. The major concerns are long-term performance, destruction efficiency, and
cost.

Most waste streams are complex solutions of ions that compete with the desired reactions and
foul the selective catalytic surfaces. Biodegradation has proven to be much more tolerant of the
complex ionic solutions. Perchlorate biodegradation has demonstrated nearly complete
destruction - to below detection limits. So far catalytic process have not been able to
demonstrate this high destruction efficiency. While biodegradation of perchlorate requires
nutrient, catalytic processes require effluent pretreatment, electricity, expensive precious metal
catalysts, and additional reactants such as reducing agents (hydrogen gas).

5.4.2 Summary of Performance Data. Biological process are inherently stable, reliable,
simple, cost-effective processes. This process is no different with respect to those
characteristics. Costs may be greater than a simple BOD reduction process because nutrient has
to be added to effect perchlorate reduction. The microbes used in this process, while enriched
and specialized, are naturally occurring and very stable in the environment required to reduce
perchlorate. Bench-scale bioreactors have been operated for several months at a time with no
loss in performance and without the need for re-inoculation. As long as perchlorate-reducing
conditions are maintained, the perchlorate reducing consortia of microbes remains dominate.

The prototype demonstrated at Thiokol is much more complex in design than is necessary for
typical wastewater treatment. Decentralized process control, gravity, positive displacement
pump feeding, and inexpensive materials of construction can greatly simplify operation and
reduce cost. Additional discussion is provided in Section 9, Lessons Learned.

In general, biological processes are slow. High perchlorate reduction rates (> 0.5 g/) have been
demonstrated at very short residence times (6-8 hours). However, laboratory optimization
studies have shown that a 24-hour residence time is near optimal to achieve relatively high rates
and still reduce perchlorate from high concentrations (4000-6000 ppm) to near the detection
limit in a single-stage reactor system. Therefore, 24 hours should be used as the design basis for
future implementations. Actual residence times could vary from less than 12 hour to 48 hours
depending on the process effluent, nutrient type, nutrient concentration, and other process
conditions.

This technology is adaptable to fixed-film biological processes. Preliminary laboratory studies
have shown that this consortium of organisms does form a film that continues to reduce
perchlorate. Fixed-film processes, including fluidized bed, have the potential to efficiently treat
effluents with low perchlorate concentrations (< 100-500 ppm). They utilize nutrient more
efficiently and may demonstrate shorter hydraulic residence times. For perchlorate
concentrations greater than 100-500 ppm, CSTR system is very efficient and is the preferred
approach.
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6. Cost Assessment

6.1 Cost Performance

Costs associated with startup, including labor, planning & contracting, site preparation,
construction, permitting or other regulatory requirements, and capital equipment will be
recorded as data for interpretation and evaluation. The numbers in the cost table are actual or
derived costs based on the Thiokol production-scale facility. The capital cost is an estimate
based on equipment costs for an operational design vs. an R&D pilot-scale design.

6.2 Operations and Maintenance Costs

Costs associated with operations and maintenance are based on actual, derived, or estimated
costs for operating the Thiokol facility at operating conditions anticipated for their site. Assume
the effluent treated is a 5000 ppm perchlorate, 100% brine solution (paragraph 3.2). Effluent
treating rates anticipated are 450 gallon per day of 100% brine (continuously diluted to 20%).
This operating condition does not result in optimal throughput or cost for this process. The
operating cost figure shows that fixed costs (electricity, maintenance, and labor) are at minimum
for 2000-4000 ppm perchlorate effluents. This is because maximum throughput can be achieved
near 4000 ppm effluents. Nutrient cost is approximately linear with perchlorate reduced. As a
result, up to 4000 ppm perchlorate effluents can be treated for less than $0.10 per gallon.

6.3 Demobilization

Demobilization costs are not applicable for this demonstration because the system will remain in
place and operated by Thiokol under the Air Force CRDA. The CRDA provides for government
furnished equipment to be transitioned to an existing Air Force production or demilitarization
program. Disposal or decommissioning costs in the table are estimates based on disassembly and
shipment of the Thiokol prototype. The equipment will not require special handling other than
decontamination. No salvage value for equipment is credited. ’

6.4 Life-Cycle Costs

A life cycle cost evaluation will be based on actual long-term data from the operation of the
Thiokol prototype. Quarterly reports will be generated during the term of the CRDA and
submitted to the Air Force Activity. The information provided in the quarterly reports -will
include, as a minimum, the following data: material and energy balances, labor, material and
maintenance costs, performance assessments (perchlorate destruction efficiency and estimated
treatment cost in $/gal.), changes in operating parameters (feed and product composition,
residence time, temperature, nutrient, etc.), system modifications, and planned or proposed
system or operational changes (see Table 11).
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Table 11. Cost Data

Cost Data Table, in $1000

Project Phase
Cost Category Start-up Annual Demobiliza- | Life-Cycle
O&M tion

Labor 20 25 - -
Training 5 2 - -
Site-Specific Treatability Studies 100 - - -
Process Tailoring/Engineering 125 - - -
Site Preparation 100 - - -
Analysis/monitoring 5 5 - -
Contracting 10 - - -
Permits/Regulatory Requirements - - - -
Capital Equipment 500-800 - - -
Modifications - - - 100
Scheduled Maintenance - 25 - -
Consumables - - -

- Nutrient 15

- Acid, Caustic, Chemicals 2

- Electricity 15
Ancillary Equipment - - - -
Effluent Treatment - 10 - -
Equipment Decontamination - - 5 -
Equipment Removal - - 15 -
Site Restoration - - - None
Future Liability - - - None
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7. Regulatory Issues

The demonstration of this process at Thiokol required no new permits. Activities associated
with modification of the existing industrial wastewater treatment plant were within the scope of
existing permits. The shipping of “samples” for treatability studies to Tyndall AFB, required
permission from the Florida Department of Environmental Protection coordinated through local
and base officials.

8. Technology Implementation

8.1 DoD Need

This technology could be applied at other DoD and propulsion manufacturer facilities that
generate similar waste streams. This process was developed to treat perchlorate in the presence
of inorganic contaminants. Initial studies indicated that perchlorate can also be reduced in the
presence of organic and other energetic materials, but processes for these effluents have not been
demonstrated. Recent discoveries indicate that ground water remediation may also be
accomplished using the same organism.

8.2 Transition

8.2.1 Scale-up Issues. Prototype operation at Thiokol, using the 1600-gallon tank reactor,
demonstrated performance equivalent to, or better than, the lab-scale (14-liter) reactor systems.
This represents approximately a 500-fold scale-up (1560-gallons/12-liters hydraulic volume)
with no apparent problems. Biomass flocking was more efficient in the prototype system. This
resulted in improved clarification, increased biosolids in the reactor, and improved performance
overall. Much larger processes could be employed using the CSTR approach. Stirred-tank-
reactors with 20-30,000 gallon capacities can be shop fabricated. Systems with capacities
greater than 100,000 gallons per day could be easily implemented by configuring multiple
CSTR's in parallel operation. If BOD reduction of the effluent is required, packaged anaerobic
and aerobic process are available that could easily handle the demand.

33




9. Lessons Learned

Lessons learned from previous start-ups were successfully employed for both the Tyndall AFB
and Thiokol demonstration. It is important to remove nearly all of the oxygen and minimize
dilution of the inoculum in the reactor. This, coupled with excess nutrient (~10 g/1) and low
initial perchlorate concentrations (500-1000 ppm), results in effective and rapid reactor
inoculation. Once the reactor is inoculated, the need to regulate residual oxygen depends on the
concentration of other oxygenates in the feed.

Complexity and degree of control and flexibility were very high for this process compared to a
typical biological process. This was by design and partially based on the fact that a research
prototype was adapted for this demonstration. Future application of this process could be greatly
simplified. Local control with computer monitoring could be employed versus PLC type
system. Positive displacement pumps and gravity feed design would further simplify operation.

A better choice of construction materials may result in a more reliable and less expensive
implementation. Many of the process vessels are exposed to very caustic or corrosive
environments. Even the reactor, though is maintained at a pH near 7.0, is subject to corrosion
due to biologically generated organic acids and the addition of acid and caustic for pH control.
Many of the original vessels were fabricated from stainless steel (304) and showed signs of
significant corrosion in places. However, components and vessels fabricated out of fiberglass
reinforced plastic (FRP) and high-density polyethylene (HDPE) performed very well. The
drawback to plastic piping for a transportable system is that some breakage occurs during
transportation and exposure to solar radiation will cause additional deterioration.

This process was specifically designed to permit the addition of two separate effluent streams.
This was to minimize the possibility of causing a chemical reaction that could generate
compounds detrimental to the biological process. Also if the potassium containing brine were
mixed with ammonium perchlorate, the resulting potassium perchlorate precipitation would
cause plugging and potential performance problems. We experienced such a problem during the
Tyndall AFB demonstration when two different effluents were inadvertently mixed. Future
implementations of this technology should maintain the two feed scenarios if the possibility of
mixing reactive feeds exist.

A concentrated nutrient feed was provided as a separate feed to the reactor. It is important to
maintain an independent nutrient feed for start-up and upset recovery. The ability to utilize
concentrated nutrients results in smaller vessels and lower cost. Caustic sterilization of the
nutrient, demonstrated during the Thiokol validation, also reduces chemical costs. Since acid-
generating reactions occur in the reactor, the caustic nutrient feed can be manipulated in a way to
nearly eliminate acid addition for pH control. Other nutrient sterilization techniques (steam), or
direct feeding of dry nutrients, may further reduce operating costs.

Solids recycle to the reactor appears to greatly improve performance and nutrient utilization
efficiency. In very dilute effluents, where the minimum nutrient addition is required, it may be
possible to employ 100% solids recycle. However, for higher perchlorate and nutrient
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concentrations, the ability to waste a portion of the organic solids is absolutely necessary. There
appears to be some threshold of solids retention time and concentration that is detrimental to the
perchlorate reducing consortium microbes. Additional efforts are required to accurately
characterize this threshold.

This prototype system was designed with two reactors, two effluent storage tanks, and a clarifier.
This multiple vessel approach is very beneficial. More, small reactors verses one large reactor
makes start-up inoculation easier. More reactors provide a margin of safety in case of an upset.
A reactor can be quickly re-inoculated from the other reactor or storage tanks. Future
applications of this technology should always be designed with a minimum of two parallel
process trains.
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Appendix B
Data Archiving and Demonstration Plan

B.1 Final Report and Demonstration Plan

This “Final Report: Operational Implementation of Ammonium Perchlorate Biodegradation,”
and the “Demonstration Plan: Operational Implementation of Ammonium Perchlorate
Biodegradation,” have been submitted to the Defense Technical Information Center (DTIC) for
publication. These documents have unlimited distribution and will be available to the public
through the National Technical Information Service (NTIS).

B.2 Program Management File

All research efforts conducted at the Air Force Research Laboratory, Materials and
Manufacturing Directorate have maintained a Program Management File that contains all the
relevant documents pertaining to the execution of the program. This file is maintained in
accordance with Air Force Instruction (AFI) 61-206, which documents the requirements for
developing, managing, and retiring R & D project files. Upon final closeout of this effort, the
program management file will be prepared for retirement into the National Archives and retained
at Tyndall AFB for approximately three years.

B.3 Demonstration Plan Operational Data

The operational data collected in accordance with the Demonstration Plan is summarized in the
following tables. These tables are referenced in the relevant sections of the Final Report. Data
collected prior to, and independent of, the Demonstration Plan that is germane to the use of
Wollinella succinogenes HAP1 in degrading perchlorate will be retained as required in the
Program Management File. This data will become a permanent part of the archived file as
described in B.2.
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